concentration and all-cause mortality was suggested in a 9-year follow-up (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) analysis of the Third National Health and Nutrition Examination Survey (NHANES III, 1988.
L
arge population and clinical studies have implicated poor vitamin D status as a potential risk factor for a number of chronic and infectious diseases (1, 2) . Moreover, several studies have found a nonmonotonic association between vitamin D status (3) (4) (5) (6) (7) (8) , as measured by circulating levels of serum total 25-hydroxyvitamin D (25[OH] D), and all-cause mortality (1, 2) . The shape of this association appears to be asymmetric and in a reverse J-shape, with a clear upturn in the risk of death from all causes at low concentrations of 25(OH)D and possibly a shallow increase in the risk of death with higher serum 25(OH)D levels.
In one study, Melamed et al (5) reported finding a reverse J-shaped association between serum 25(OH)D and all-cause mortality in the approximately 9-year follow-up of the nationally representative Third National Health and Nutrition Examination Survey (NHANES III, 1988 . The initial follow-up period included assessment of vital status through December 31, 2000. Since then, the NHANES III mortality follow-up has been extended to include deaths through December 31, 2006 .
In this paper, we return to NHANES III with follow-up extended to 15 years to address several important questions about the reverse J-shaped association between 25(OH)D and all-cause mortality. How does the association vary by length of follow-up, age, sex, race/ethnicity, and cause of death? Are the results and their interpretation affected by excluding deaths within the first 3 years of follow-up or by the statistical approach used in the data analyses? Can the nadir of risk for the association and its 95% confidence interval (CI) be estimated? And most importantly, does the reverse J-shaped association persist, suggesting that it may be real?
Subjects and Methods

Study design
NHANES is designed to produce nationally representative data for the civilian noninstitutionalized U.S. population. As with each survey, NHANES III consisted of an initial household interview and a subsequent medical examination in a specially equipped mobile examination center (MEC) (9) . The examination for NHANES III took place in the years 1988 through 1994 with a midpoint of 1991. This survey serves as our baseline. Follow-up for vital status and underlying cause of death was conducted passively by periodically matching personal identifying information collected at baseline with the information on death certificates filed with the National Death Index as described below. All procedures in NHANES III were approved by the National Center for Health Statistics Institutional Review Board. Written informed consent was obtained from all participants.
Measurements
Serum 25(OH)D was measured using an RIA kit (DiaSorin, Stillwater, Minnesota) with values reformulated to the kit used in 2004 (10) . Reformulated values for serum 25(OH)D in nanomoles per liter (nanograms per milliliter Ϸ nanomoles per liter/ 2.5) are reported in this paper for all analyses (see Supplemental Methods for more details, published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).
Serum creatinine (milligrams per deciliter) was measured by a Roche/Hitachi 737 analyzer (Roche Diagnostics, Indianapolis, Indians) using the kinetic alkaline picrate reaction and calibrated to the Cleveland Clinic Research Laboratory (CCRL) using the equation CCRL creatinine (milligrams per deciliter) ϭ 0.96 ϫ [NHANES III creatinine value (milligrams per deciliter)] Ϫ 0.184 (11) . Estimated glomerular filtration rate (GFR) was calculated using the Isotope-dilution mass spectrometry-Traceable Modification of Diet in Renal Disease (MDRD) Study equation (12) . Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared (kilograms per square meter). Systolic blood pressure (SBP) was the average of up to 6 measurements: up to 3 times during the household interview and up to 3 times during the MEC examination. The season in which the MEC examination took place was defined as winter (November to April) vs summer (May to October). Higher-latitude regions in the northern states tended to be sampled during the summer months, whereas lower-latitude regions in the South tended to be sampled in the winter months. Leisure-time physical activity (LTPA) was assessed by questionnaire that included type and frequency of physical activity; a validated metabolic intensity rating (MET) was applied to each of the 9 activities queried (run/jog, swim, bicycle, aerobics, calisthenics, dancing, yard or garden work, weight lifting, or other physical activity). A total weekly LTPA MET was calculated based on the frequency of reports per month and the conversion of 4.3 wk/mo as recommended in NHANES III documentation. The median weekly LTPA MET was 4.65. Activity was classified as low if below the median because of the high number of zeros that were present. Activity was classified as moderate if above the median and below the third quartile (LTPA MET ϭ 22.5) and high if above 22.5. Participants were asked to show interviewers the containers for all current medications, and the interviewer copied the label. Based on those data from the prescription medication files, medication use was defined as the self-reported use of any of the following within the past month: anticonvulsants, estrogens, glucocorticoids, loop diuretics, or thiazide diuretics. Education was defined as completion of less than high school, graduation from high school, and education past high school. Current cigarette smokers were those who had smoked Ն100 cigarettes over their lifetime and smoked at the time of the interview.
Assessment of vital status
The details of the matching methodology used to determine vital status through December 31, 2006 , have been published (13) . Briefly, vital status was assessed based on a probabilistic match between personal identifiers from NHANES III and the death certificate records from the National Death Index. All NHANES III participants who were 17 years and older at the time of the survey were eligible for mortality follow-up.
Causes of death
Analyses were conducted using the public-use NHANES III Linked Mortality file with deaths coded to the Tenth Revision of the International Classification of Diseases (ICD 10) and with underlying cause of death given in 113 cause groupings. Underlying cause of death was then categorized into 5 broad cause groups: 1) cancer; 2) cardiovascular diseases (CVDs); 3) other chronic, infectious, and maternal, i.e., related to childbirth; 4) accidents; and 5) unknown cause of death. The 5 cause groups included the following 113 Recode Groups of ICD 10: 1) cancer, 019 -043; 2) CVD, 053-074; 3) other, 001-018, 44 -52, and 075-111; and 4) accidents, 112-135.
Analytic sample
A total of 23 258 participants aged 20 years and older were selected to participate in NHANES III, 18 825 were interviewed, and 16 573 received the MEC examination including a blood draw. Excluded from that sample were those missing information on vital status (n ϭ 11); women who were pregnant at baseline (n ϭ 338); those who were missing data for serum total 25(OH)D (n ϭ 765), serum creatinine (n ϭ 344), BMI (n ϭ 34), and SBP (n ϭ 25); and those with no follow-up time from the date of examination (n ϭ 7) for a total analytic sample size of 15 099 participants.
Statistical analysis
All analyses were conducted using SAS version 9.2 or Stata version 11. Survey procedures from both computer packages were used to incorporate the sampling weights and design effects into the data analyses. Poisson regression (14) was used to model the association between serum total 25(OH)D and risk of death using 1) a traditional categorical variable approach (15) and 2) a cubic polynomial via restricted cubic splines (16) . The traditional approach was used to evaluate risk in a categorical variable for serum total 25(OH)D with 9 levels of 25(OH)D: Ͻ20, 20 to 29, 30 to 39, 40 to 59, 50 to 59, 60 to 74, 75 to 99, 100 to 119, and Ն120 nmol/L. The cubic-splines approach with 5 knots determined at the fifth, 27.5th, 50th, 72.5th, and 95th percentiles was used to estimate the nadir of the mortality curve and its 95% CI (17) . Estimates of the mortality rates and mortality rate ratios, or relative risk (RR), were calculated for each of the 9 intervals, defined above in the traditional approach, at the median value of each interval. The complex survey SE and 95% CI were estimated for both approaches using the delta method.
Four different confounder models were used to evaluate the association: model 1, age-adjusted only; model 2, adjusted for age, sex, race/ethnicity, and season; model 3, adjusted for all the variables in model 2 plus self-reported diabetes (yes/no), congestive heart failure (yes/no), stroke (yes/no), myocardial infarction (yes/no), and cancer other than skin cancer (yes/no); and model 4, adjusted for all the variables in model 3 plus GFR, BMI, SBP, current smoking (yes/no), LTPA (low, moderate, or high), education (less than High school, high school, and high school or more), and medication use (yes/no). Model 2 was chosen as the primary model to avoid the effects of overadjustment, multicollinearity, and within-person error. In preliminary analyses, the results were approximately the same regardless of the modeling approach or the confounder model.
Results
The analytic sample included 11 315 individuals presumed to be alive and 3784 presumed to be deceased during the follow-up period (Table 1 and Supplemental Table  1 ). Decedents were significantly older at baseline with shorter periods of follow-up than those presumed to be alive. Five percent (weighted) of the sample consisted of Mexican-Americans, 10% non-Hispanic blacks, and 77% non-Hispanic whites. However, the proportion of non-Hispanic whites was higher among decedents (83%), whereas it was slightly lower for Mexican-Americans. Decedents were less educated. At baseline, they also had significantly lower mean serum total 25(OH)D levels and calculated GFR as well as higher mean BMIs and SBP levels. A significantly higher percentage of decedents reported using anticonvulsants, estrogens, glucocorticoids, loop diuretics, or thiazide diuretics at baseline. Moreover, they were much more likely to report a baseline medical history of diabetes, congestive heart failure, stroke, myocardial infarction, and cancer. As a result, it appears that participants who eventually died during the follow-up period were in poorer health at baseline.
The additional 6 years of follow-up from 2000 to 2006 led to a 50% increase in the numbers of deaths, i.e., 2257 deaths vs 3784 deaths (Table 2 and Supplemental Table  2 ). However, through 2006 there were still relatively few deaths for persons with serum total 25(OH)D concentrations at the low end of the range (Ͻ20 nmol/L), i.e., n ϭ 79 deaths, and especially at the high end of the range (Ն120 nmol/L), ie, n ϭ 36 deaths. In the lowest category (Ͻ20 nmol/L), about half the deaths occurred among nonHispanic blacks. CVD deaths accounted for 44% of the deaths with 29% in the broad other category, and 22% of the deaths were classified as having cancer as the underlying cause. For the 36 deaths that occurred in the highest category (25[OH]D level Ն120 nmol/L), 13 were associated with lung disease. Only 145 of the deaths, or 4% of the total, were due to accidents. Cause of death information was available for 99% of the decedents.
Through the year 2000 there appeared to be a reverse J-shaped pattern between the death rate and serum total 25(OH)D level, after adjusting for age, sex, season, and race/ethnicity (Figure 1 ). The rise in the mortality rate was much steeper and higher at the low end of the 25(OH)D distribution than at its high end. Sequentially, excluding deaths that occurred within the first, second, and third years of follow-up led to a flattening of the curve across the 25(OH)D concentration range. During the first year of follow-up, 79% (weighted percentage) of the 38 deaths for those with a serum total 25(OH)D concentration Ͻ30 nmol/L were due to CVD (data not shown). When the additional deaths between 2000 and 2006 were added to the analysis, the association between serum total 25(OH)D and mortality became stronger (Figure 2) . A more pronounced reverse J-shaped association was present, and persisted, when deaths during the first 3 years of follow-up were excluded.
Examining the association for the total analytic sample, adjusted for age, sex, race/ethnicity, and season (model 2), where the y-axis is the RR scale rather than the mortality rate per 1000 person-years scale, and including the 95% CI for the RR provides a somewhat different perspective ( Figure 3 and Table 2 confounder model. Results were very similar using the cubic-splines approach (Table 2) ; however, the confidence limits tended to be wider, especially in the tails. For example, with 25(OH)D Ն120 nmol/L, results (RR, 95% CI) were slightly different using traditional categorical (1.5, 1.02-2.3) and cubic-splines approaches (1.2, 0.9 -1.4). A reverse J-shaped association appeared to be present in both men and women (Table 3) . (See Supplement Tables 2  and 3 for the numbers of deaths and sample size by length of The reverse J-shaped association appeared to be stronger for persons aged 20 to 64 years than for those aged 65 years and older. The risk curve for the older participants appeared to be shallower. There was a statistically significant reverse J-shaped association for non-Hispanic whites, which is not surprising because 83% of the deaths occurred among non-Hispanic whites. However, the relatively small numbers of deaths within the MexicanAmerican and non-Hispanic black race/ethnic participants, especially among those with serum 25(OH)D Ն100 nmol/L, made it very difficult to interpret the relationship between serum 25(OH)D level and risk of death. Clearly, risk of death increased in non-Hispanic blacks when serum total 25(OH)D concentrations were below 20 nmol/L, but the CIs were quite large, again, making the association difficult to interpret.
There was no association between cancer death and 25(OH)D concentrations; however, there was a nonsignificant increase at levels above 120 nmol/L that contributed to the overall reverse J-shaped pattern (Table 3 ). There was an inverse association between risk of CVD death and serum total 25(OH)D levels at concentrations below 50 nmol/L. As for the very broad category of other causes of death, there appeared to be a reverse J-shaped relationship, but as with cancer, the association above 25(OH)D levels of 75 to 99 nmol/L was not statistically significant.
Discussion
The reverse J-shaped association in the general U.S. population between serum 25(OH)D and risk of death from all causes appears to be real, although that conclusion was based on sparse data, especially at 25(OH)D concentrations above 120 nmol/L. There were, however, consistencies within the NHANES results and with results from other studies that lead to that conclusion: 1) the strengthening of the association with longer follow-up; 2) the persistence of the relationship after eliminating persons with preexisting disease that was fatal within the first 3 years of follow-up; 3) it was present using different statistical modeling approaches; and 4) a reverse J-shaped association was found in men and women and young and old. Those findings as well as reports of a U-or J-shaped association in other studies (3) (4) (5) (6) (7) (8) all support the conclusion. The more difficult challenge is to understand what the results mean and what their implications are for clinical and public health practice; i.e., the fact that a reverse J-shaped association exists should not and does not necessarily imply that it is causal.
At 15 years of follow-up there appeared to be a wide, shallow trough of low risk between the areas of increased risk in the tails. By our traditional analysis, the trough was 60 to 99 nmol/L for both sexes combined. Cubic-splines analyses gave similar results, with the nadir at 80 nmol/L and the 95% CI between 70 and 90 nmol/L. A pooled analysis of results from 14 prospective cohort studies involving 5562 deaths supports the conclusion that a reverse J-shaped relationship exits (18) . That meta-analysis placed the trough at 75 to 87.5 nmol/L (18) or slightly higher at the lower boundary than our findings.
The upswing in risk in all-cause mortality at lower 25(OH)D levels has been widely and consistently documented (3-8, 19 -31) . In our analysis, the upswing became quite steep as 25(OH)D dropped below 40 nmol/L. The upswing in risk at higher 25(OH)D levels, Ͼ120 nmol/L, was based on sparse data. Comparatively few investigators have identified an upswing at higher 25(OH)D levels, most likely because they did not use analytic techniques that address this possibility. For example, most examined their data by tertiles or quartiles of total 25(OH)D concentration, thus grouping their highest levels together with levels as low as 60 to 75 nmol/L (19 -31) , with the result that the reverse J-shaped association was lost. Studies that used a different analytic approach have identified an upswing, however, such as the pooled analysis cited above (18) . In a different study of a large cohort of adult patients followed for 3 years in general medical practices in Copenhagen, Denmark, investigators found that the hazard ratio for all-cause mortality increased linearly from 1.0 to 
at 25(OH)D levels between 80 and 150 nmol/L (8).
Although those results support the general conclusion that a reverse J-shaped association exists, data from a cohort based entirely on clinic patients may not reflect the association in the general population.
With regard to specific causes of death, a reverse Jshaped association was apparent for the very broad group of other causes of death, whereas a negative association was found for CVD deaths. Deaths at the lower end of serum total 25(OH)D, therefore, appeared to be of 2 general classes, CVD and other causes. At the upper end of the 25(OH)D concentration distribution, the causes contributing to the increase in risk appeared to be other and cancer. The association between risk of cancer death and 25(OH)D concentration was not statistically significant perhaps because of the small sample size and numbers of deaths, which is consistent with results reported by Freedman et al (32) ; however, the higher number of cancer deaths among those with a serum 25(OH)D concentration at or above 120 nmol/L was a major contributor to the upswing at the higher end of the 25(OH)D distribution, leading us to interpret this nonsignificant finding as potentially important and worthy of further investigation in larger studies.
There are several possible limitations to this study. Serum total 25(OH)D was measured only once at baseline, and we cannot evaluate the impact any changes over time might have had on the association. Additionally, we have not evaluated the impact of within-person error. However, there does not appear to be a large amount of withinperson error for 25(OH)D measured within a season (33) . Moreover, because 25(OH)D was the only variable with within-person error in models 1 to 3, the RR estimates, if affected at all by within-person error, would be biased toward the null (34) . Finally, death from all causes is a rather imprecise measure of disease risk or incidence, which is the more fundamental endpoint for clinical medicine and public health. Other investigators have proposed other relationships between serum total 25(OH)D and the incidence of disease (35) (36) (37) . Incidence includes an initial event that can be either fatal or nonfatal. However, causespecific mortality data from NHANES include a mixture of both initial and secondary events and multiple competing risks. To a certain extent then, analyses of incidence data and all-cause mortality data using NHANES data may be examining 2 separate questions. A comparison of the relationship of 25(OH)D to incidence and to all-cause and cause-specific mortality within the same data cohort may help in understanding its relationship to all-cause mortality in the NHANES and other cohorts.
A final cautionary note is that it must be remembered that different 25(OH)D assays may give quantitatively different results regarding the association between 25(OH)D and mortality (38) . The results from NHANES III were based on the DiaSorin RIA platform (10) . In particular, to understand the association between 25(OH)D and mortality, it is essential, therefore, that the results from different studies be standardized to the same reference (40 -42) . These inflammatory states may even affect long-term risk of death, i.e., deaths that did not occur within the first 3 years of follow-up. Therefore, some portion of the deaths in the lower tail may reflect a situation where a disease process has altered the 25(OH)D level. A similar point could be made that people who are terminally ill are apt to spend less time in the sun and on that basis to have lower 25(OH)D levels. At the upper end of the 25(OH)D concentration range, the flattening of the curve when persons with preexisting disease were excluded from the analyses of the follow-up data through the year 2000 ( Figure 1 ) along with the dampening of the association in the older participants, as susceptible individuals pass away, implies that some portion of the deaths in the upper tail may reflect a situation in which disease processes have altered serum 25(OH)D concentrations (8) . The basis for this is not at all apparent at this time, but it could conceivably involve genetics, which are known to influence the 25(OH)D increment in response to supplementation with vitamin D 3 as well as risk of many serious diseases (43, 44) . The upswing at higher 25(OH)D levels could in some cases be attributable to vitamin D supplementation of ill patients.
Vitamin D appears to have a number of functions that are essential to the health of cells, tissues, organs, and organisms. In disease those mechanisms may fail or be altered; or the mechanisms may fail and cause disease. Knowledge is always imperfect, but until the reverse Jshaped association between 25(OH)D and all-cause mortality is better understood, caution needs to be used when developing clinical and public health guidelines. The guidelines need to be developed so as to meet the needs of those with compromised values, however that may be defined, while not producing population shifts in serum total 25(OH)D that would cause some people to achieve concentrations above 100 nmol/L, unless and until these are deemed to be safe, a very difficult task.
